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Introduction
Laminated composite materials have seen an increased usage across all transport sectors. The shift to use this lightweight material is necessary to help meet global environmental standards as well as reduce operational cost and improve performance. Composite materials provide exceptional specific stiffness and strength relative to their metal counterparts. Furthermore, they also possess excellent corrosive resistance and fatigue performance, yet a major drawback of this material is their lack of through thickness strength, which often results in disbond of the inter-laminar layers, also know as delamination. Composite materials are by design, capable of carrying in-service in-plane loads, however localized out of plane loading in forms of impact will result in delamination damage, which significantly reduces the performance of the component.
Many technologies have been developed over the years to address this problem, with through thickness reinforcement (TTR) being one of the highly successful methods [1] . A process known as Z-pinning is a popular method used to reinforce pre-preg composite laminates. Z-pining consists of inserting fibres or small rods into the composite material, reinforcing the thickness direction of the laminate. These small stiff, fibrous composite rods in the thickness direction bridge any newly formed delamination damage leading to excellent damage resistance capability [2] .
Resistance of TTR composites to delamination has been subject to many studies, including quasi-static [2] [3] [4] and fatigue loading [5] . However, experimental investigations on the response of TTR composites when subjected to dynamic loading is limited and not well understood.
It has been shown for TTR composite laminates to have a direct dependence on strain rate when measuring the apparent mode II fracture toughness. Colin de Verdiere et. al. [6] reported a modest increase of approximately 26% in the initiation apparent GIIC of tufted composite specimens. For Z-pinned composites the mode I apparent fracture toughness appears to reduce with an increase in loading rate as shown by Liu et. al. [7] . Very little literature exists on the mechanical properties and the delamination resistance of Z-pinned composites' dependence on strain rate (e.g. [8] ). The aim of this investigation was to carry out a set of controlled mode II fracture toughness tests of a laminated composite reinforced in the thickness direction using carbon fibre reinforced plastic (CFRP) rods or Z-pins. These tests were carried out at loading rates from quasi-static up to 5m/s and full analysis of the composite response was made to conclusively show the effect of strain rate on the delamination resistance in un-reinforced and TTR epoxy based composites.
Materials and specimen preparation
Specimens were manufactured using IM7/8552 prepreg (Hexcel, UK) stacked with a sequence of [(0, −45,0, +45) 3 ] to achieve a nominal thickness of 6mm. A 13μm PTFE film was placed at the mid plane to act as an artificial starter crack. The test procedure followed the standard 3 point bend end notched flexure (3ENF) [9] shown in Figure 1 with varying loading displacement rates ().
Figure 1 3ENF test setup
The Z-pinned specimens where pinned with T300 carbon/BMI pins arranged in a grid pattern with a spacing of 1.75mm, generating a nominal 2% areal density. To ensure consistency across specimens for both the control and the Z-pinned samples they were machined from a single plate. Each specimen was machined to a nominal width of 20mm. The un-cracked part of each individual specimen was tested in 3 point bending (3PB) following the ASTM-790 [10] test standard to measure the flexural modulus ( 1 ) of the material. The width ( ) and thickness (2ℎ) of each specimen was measured at three different locations along its length to an accuracy of ±0.05mm. For each specimen, a natural mode II pre-crack from the starter film was created using the procedure set out in ASTM-D7905 [9] to generate an initial crack length ( 0 ) of 20mm when positioned in the final test configuration. This resulted in 30mm of uncracked laminate and reinforced region ahead of the crack for the control and Z-pinned samples respectively.
Test procedures
Increasing displacement loading rates from quasi-static (8.3×10 -6 m/s), to intermediate (1-4m/s) and high (5.5m/s) where carried out on three different test apparatus. The support roller half span ( ) was set at 50mm with an initial crack length ( 0 ) of 20mm and support roller and loading nose diameter of 10mm were set for all the tests. Using high speed photography with a minimum of 100,000fps for high loading rate tests and high definition imaging for quasi-static tests the displacement and the crack propagation for all tests were monitored. Each camera was set up to ensure on average a 12pixel per mm resolution, sufficient for full field strain measurements.
The quasi-static 3ENF tests were carried out according to the ASTM-D7905 [9] standard with a loading displacement rates of 0.5mm/min (8.3×10 -6 m/s). The load was measured using a calibrated 5kN load cell on a hydraulic Instron test machine. For these tests, the instability in the initiation of delamination means the maximum load corresponded to the critical load.
Intermediate loading displacement rate 3ENF tests were carried out on an instrumented drop weight impact tower. For these tests a cylindrical loading nose was attached to the end of a calibrated piezo-electric load-cell. The loading displacement rate was varied by raising the entire impactor unit, weighing 6.21 kg, to a specific height above the top surface of the laminate.
High loading displacement rate 3ENF tests were carried out using a modified Split Hopkinson Bar (SHPB) test procedure shown in Figure 2 . This experimental procedure is similar to the impact bending test procedure carried out by Hallett [11] . A striker bar of length 0 , is accelerated using compressed air to strike an instrumented impactor bar of length with the same mechanical impedance and diameter. This impact then generates an impact duration of 2 0 / , where = √ ⁄ is the longitudinal wave speed in the bar. This transfer of kinetic energy then accelerates the impactor bar to a specific impact velocity generating the loading rate required to impact the specimen.
Figure 2 SHPB test setup

Data reduction technique
High frequency oscillations due to dynamic effects are inherent in all high rate tests. These dynamic effects are amplified as the loading rate increases therefore accurate critical load measurements are not possible [12] which will yield incorrect values of the materials fracture toughness. An alternative method proposed by Blackman et. al. [12, 13] use a compliance based approach to calculating the of the material since the CFRP laminates exhibit no observable strain rate dependency in their axial modulus 11 .
For this investigation
is calculated using the displacement at the moment of delamination initiation. This displacement can be reliably measured using the high speed photography images from all the different loading rate test procedures. The compliance of the 3ENF specimen [14] is given by:
The term on the right includes the influence of through thickness shear which is dependent on the ℎ/ of the test setup. The mode II inter-laminar fracture toughness is then calculated using [ Where the term 0.42 ℎ is the correction added to the length of the crack to account for the root rotation of the beam arms [15] and 1 is the flexural modulus of the material which was measured for each specimen independently in the current experiments.
Results
Quasi-Static -Data reduction method comparison
The load-displacement plot of the control and pinned samples is shown in Figure 3a . The quasi-static flexural tests of all the samples produced an average flexural modulus, 1 of 83.5±1.1GPa. In Figure 3 the theoretical compliance using this flexural modulus average is plotted with = 20 , = 20 . Following the standard ASTM 3ENF test procedure the fracture toughness or GIIC of the IM7/8552 was calculated to be 663±100J/m 2 . Using the compliance procedure described in section 4 and equation (2) the fracture toughness was measured to be 673±112J/m 2 . With only 1.5% difference between the two procedures, the compliance procedure can be accepted to produce correct values of the fracture toughness of the material and gives confidence to use for the high rate procedure.
Figure 3 (a) Load-displacement for control specimens along with average compliance using equation (1) (b) Average R curve for control and pinned specimens
The average R curve for the control and pinned samples are shown in Figure 3b . The 3ENF tests typically produce a single critical strain energy release rate value due to the unstable nature of the crack. However, with the addition of TTR the crack is arrested and thus propagates stably in the TTR region. This produces an increasing R curve with crack length due to the development of the extrinsic bridging zone behind the crack tip. There is a minor increase in the average critical strain energy release rate at the moment of initiation 922±109J/m 2 reaching a maximum strain energy release rate of 2613±499J/m 2 at a crack length of 50mm. In this test configuration the maximum bridging zone length possible is 30mm, however the fully developed Z-pin bridging zone length is expected to be much longer than the 30mm length, approximately between 40-60mm [16] . The apparent fracture toughness increase of these tests agrees well with that previously reported in literature [2, 16, 17] .
Load-displacement response
The load-displacement plots for all the tests are given in Figure 4 . As expected, increase in displacement loading rate ̇ increases the noise in the load output measured producing an unclear critical load prior to delamination. It can be seen that the critical load cannot be taken directly from the load displacement responses necessitating the use of the compliance procedure to calculate the GIIC of the specimens.
The load response appears to be constant in the control samples with increasing ̇. However for the pinned specimens the critical load appears to increase with ̇. Furthermore, as expected, the load drop is distinctly sharper for the control samples, whereas the pinned specimens still maintain significant residual interlaminar strength after delamination initiation. (a) Control (b) Pinned
Rate dependence of interlaminar fracture toughness
The calculated GIIC at the moment of delamination initiation against loading displacement rate () is presented in Figure 5 . The control samples produce a minor increase in the GIIC with increase in loading rate, from 663±100J/m 2 for quasi-static tests to 970±90J/m 2 for ̇ of 5.3m/s. The pinned samples showed a very strong increase in GIIC with increase in loading rate. With initiation GIIC of 922±109J/m 2 for quasi-static tests to 2002±64J/m 2 for ̇ of 5.3m/s.
Figure 5 GIIC plots of for increasing loading displacement rate (̇)
Conclusions
An experimental characterisation of a mode II delamination in a Z-pin reinforced and unreinforced laminated composite has been carried out with increasing strain rates. Tests were performed on standard hydraulic test machines for quasi-static tests, instrumented drop-weight impact tower for intermediate loading rates and a SHPB for high loading rates. Using a compliance based approach rather that the standard load based data reduction techniques, the GIIC of the material was calculated at increasing strain rates.
The range of loading rates used in this investigation was from quasi-static to ~5.3m/s. The mode II fracture toughness of the composite was seen to have a minor increase from 663±100J/m 2 to 970±90J/m 2 confirming behaviours observed in literature of tests on thermosetting brittle epoxy composites, where either minor or no significant increase in GIIC were reported [12, 18] .
In contrast, with the presence of the Z-Pins, the mode II apparent fracture toughness showed a significant dependence on the displacement loading rate. It was shown that the initiation GIIC increases from 922J/m 2 to 2002J/m 2 over the velocity range tested here.
This behavior may be attributed to the increased load transfer from the bulk material to the individual pins. The increased loading rate may harden the matrix and the Z-pin resin due to viscoelastic effects and thus the compliance of the pins is decreased. What this means, is that the length over which the Z-pins provide traction to the delaminated surfaces is shortened, meaning more Z-pins contribute to the fractured energy calculated at the initial crack length. It is expected that this contribution of fracture energy would reach an upper plateau with increasing strain rates, hence it would be important to experimentally characterize even higher rates in the future. However, with increasing loading rates, the influence of the kinetic energy of the specimen on the apparent fracture toughness calculations will become more significant and will have to be fully considered. 
